[1] Throughout February and March of 1997 Okmok Volcano, in the eastern Aleutian Islands of Alaska, erupted a 6 km long lava flow of basaltic 'a'a within its caldera. A numerical model for lava flow cooling was developed and applied to the flow to better understand the nature of its cooling. Radiation and convection from the surface, as well as conduction to the ground, were used to transport the flow's heat to its surroundings in the model. Internally, a conduction-only approach moved heat from the interior outward. Vesiculation, latent heat generation, and thermal conductivity changes with temperature are among the other factors that were dynamically accounted for. Results indicate that ambient temperature fluctuations, on the scale of days to weeks, must be taken into account to create an accurate short-term prediction of lava surface temperature. Daily data of rainfall and ambient temperature, as opposed to yearly averages, greatly increased the accuracy of the model. Furthermore, convective cooling of the lava surface was observed to be a dominant heat loss process during the first 200 days, indicating the convective heat transfer coefficient is a prime determinant of the accuracy of the model for predicting surface temperatures. Over a longer cooling period (2 years), thermal conductivity and porosity proved to be among the dominating factors for heat loss because of the limiting role of conductive heat flow in the interior. The model's flexibility allows application to flows other than the 1997 Okmok eruption.
Introduction
[2] The modeling of lava cooling requires a myriad of assumptions for the dominant thermodynamic processes as well as the material properties of the lava. Unfortunately, relationships for many of the commonly used parameters are tenuous, and significant error can result from a poor choice of input conditions. One approach to investigate these effects is with a numerical model of lava cooling, with the chief advantage being able to control any component of the model independently. This permits one to examine the effect of each process by introducing, eliminating, amplifying, or subduing the role of each factor and inspecting its impact on the resultant temperature distribution at any point in time.
[3] In this first part of the study, a numerical model for lava flow cooling is developed, borrowing from advancements made by Shaw et al. [1977] , Keszthelyi and Denlinger [1996] , Neri [1998] , and Harris and Rowland [2001] , and applied to lava from the 1997 eruption of Okmok Volcano, situated on the eastern end of Umnak Island in the Aleutian Islands (Figure 1) . First, the numerical model for extended cooling and its components and considerations are described. Second, the application of this model to the 1997 Okmok flow is discussed. The effects of many of the input variables, and the sensitivity of the model results to their alteration, are of particular interest here. In the second part of this study (M. R. Patrick et al., Numerical modeling of lava flow cooling applied to the 1997 Okmok eruption: 2. Comparison with advanced very high resolution radiometer thermal imagery, submitted to Journal of Geophysical Research, 2003, hereinafter referred to as Patrick et al., submitted manuscript, 2003) these results are then compared to corroborative data from advanced very high resolution radiometer (AVHRR) imagery in order to garner realistic values for several of the variables, as well as to better understand the role of extended cooling in satellite imagery.
Background

Lava Cooling Models
[4] Shaw et al. [1977] and Peck et al. [1977] produced one of the earliest numerical models of lava cooling taking a simple, yet highly effective, approach. Modeling the lava and ground as a stack of elements, with the top and bottom of the stack at a constant 0°C, the authors were able to accurately characterize the internal temperature of Alae lava lake, Hawaii. We borrow aspects from this model and several others that have been developed more recently. These include that of Keszthelyi and Denlinger [1996] , which examined the initial cooling of pahoehoe lobes, the comprehensive lava cooling model of Neri [1998] , and the FLOWGO model of Harris and Rowland [2001] which is suitable for lava flow hazard assessment. Insights on convective heat transport within the flow were given by Worster et al. [1993] .
[5] Many other studies address aspects of lava cooling and had an indirect impact on this work, including that of Head and Wilson [1986] , who looked at Venus flows, Ishihara et al. [1990] and Dragoni [1989] , who assumed radiation-dominated cooling, Crisp and Baloga [1990] , who characterized lava surface heat losses, Young and Wadge [1990] , who developed a program to model the path of flowing lava, and Wooster et al. [1997] , who examined the complete thermal budget of Etnean flows.
1997 Okmok Eruption
[6] Okmok volcano is situated on Umnak Island in the eastern Aleutian Islands of Alaska (Figure 1 ). The edifice is composed of a 10 km diameter caldera complex, resulting from two large Holocene eruptions (the youngest 14 C dated at 2400 ± 200 yr), as well as postcaldera cinder cones and basaltic lava flows contained within the caldera [Byers, 1959; Miller and Smith, 1987] . Recent eruptions, such as those in 1945 and 1958, have involved basaltic lava effusion onto the caldera floor. The 1997 eruption of Okmok began sometime soon before 13 February 1997, when a thermal anomaly was observed in AVHRR data by AVO analysts [Dean et al., 1998 ]. Later corroborated by local pilots, the source of the eruption was identified as cone A, in the southwestern portion of the caldera. Activity escalated rapidly and continued through the following 2 months with Strombolian to Hawaiian behavior resulting in ash plumes up to 9 km and the emplacement of a sizable lava flow (Figure 2 ). By the beginning of April activity was waning, although events continued through May at low levels. The lava flow has a tholeiitic basalt composition (SiO 2 : 51.6 wt %; [K 2 O + Na 2 O]: 3.6 wt %) with a blocky 'a'a morphology. The flow thickness was as much as 50 m and covered approximately 8.9 km 2 in total (first lobe: 5.3 km 2 , second lobe: 3.3 km 2 , and small subordinate lobe: 0.3 km 2 ). Owing to the remote location of the volcano, very little field information is available on the timing or characteristics of the different phases of the eruption, though analysis of syneruption AVHRR has provided insights into the sequence of events [Moxey et al., 2001; Patrick et al., 2003 ].
Model
Overview
[7] The model uses a numerical approach in Matlab to characterize the cooling of a stationary lava flow. The flow and its surroundings (ground and air) are modeled as a onedimensional stack of elements, effectively forming three stacked semi-infinite sheets (Figure 3 ). The topmost element is the air above the flow, and is considered an ''infinite'' element because its temperature remains unaffected by the heat from the flow. The flow itself is modeled as N elements, and the underlying ground is assigned to N/2 elements which are spaced at four times the spacing of lava elements. Thus the modeled ground thickness equals two flow thicknesses. Finally, an ''infinite'' ground element, remaining at constant ambient temperature, forms the bottommost element. The relative thickness of the ground section was based upon the experience of Shaw et al. [1977] and Peck et al. [1977] matching their numerical model with analytical results.
[8] We most commonly used 80 lava elements because of the speed of computation, and our analyses showed this was generally adequate. Model runs with more lava elements (up to 1040) produced surface temperatures that could be much different (>50°C), but only during a brief initial period (1 -2% of the total model run time) when the values were converging. After convergence, models runs with more than 80 lava elements produced surface temperatures that were consistently within 0.1°C of the 80 element results. Internal temperature differences were variable for runs with larger numbers of lava elements, being as much as 65°C different for a run of 1040 lava elements compared with that for 80 elements, but these occurred only in the solidification zones where extremely high thermal gradients are present. Outside of the solidification zones, temperatures computed using different numbers of lava elements were generally within 20°C. Maximizing the computation efficiency with 80 elements, therefore, is desirable as long as the user recognizes where error can be introduced. The increase in accuracy seemed to plateau, however, above 500 lava elements for 10-50 m thick flows.
[9] The time spacing is user input and should be based upon the thickness of the flow and cooling duration, guided Graphical depiction of the model. In the center are the physical conditions modeled. Stars represent latent heat generation at the solidus boundary range and bubbles represent vesiculation in the solidified crust. On the right are the number of model elements for each zone. On the left is the thermal circuit analogy for heat transfer, in which convection and radiation are considered to be acting in parallel at the surface and conduction is working in series below.
by the test for computational stability for thermal diffusion problems given by Shaw et al. [1977] from Carslaw and Jaeger [1959] . To ensure stability, the following condition must be met:
where k is the thermal diffusivity, DT is the time step, and Dx is the element size. We found that for flows thicker than 3 m, 100 time steps per day is adequate if 80 lava elements are used.
[10] Starting with the initial temperatures of each box (air and ground elements at ambient temperature, and the lava elements at extrusion temperature), the program computes the subsequent heat exchange and advancement to thermal equilibrium using formulae for conduction, radiation and convection, while considering changes occurring within the lava (vesiculation, thermal conductivity changes, and latent heat production) and in the atmosphere (rainfall, wind, and ambient temperature changes).
Interactions at the Lava Surface
[11] Heat transfer between the lava and the atmosphere takes two forms. First, thermal radiation will be emitted from the flow. Second, any buoyancy instability or wind present in the warm air immediately above the flow surface leads to convection.
Radiation
[12] The radiative heat transfer from the lava flow into the atmosphere is expressed by the Stefan-Boltzmann equation (Table 1) , where q r is radiative heat flux, s is StefanBoltzmann constant (5.67051 Â 10 À8 W m À2 K
À4
), e is emissivity of the lava surface (generally 0.90 -0.95 for basalt [from Salisbury and D'Aria, 1994; Kahle et al., 1988] and T l and T s represent the temperature of the lava and atmosphere, respectively [Kreith and Bohn, 1993] . Two recent studies have estimated lower values for basalt emissivity, extending to as low as 0.55 [Burgi et al., 2002; Abtahi et al., 2002 ], but we defer to the more commonly accepted values here.
Natural Convection
[13] Heat loss due to convection follows Newton's law of cooling, in which convective heat flux (q c ) is the product of the convective heat transfer coefficient (h c ) and the temperature difference between the lava and air (T l À T s ), as found in Table 1 .
[14] Convection that is fueled by buoyancy only is considered ''natural'' or ''free'' convection. The natural convective heat transfer coefficient is highly dependent upon surface morphology, especially roughness. A crude approximation for the effects of lava roughness can be considered with the triangular corrugation model of AlArabi and El-Rafaee [1978] . They found that natural convection over the surface could be characterized by the expressions in Table 1 , where ψ is the opening angle for the triangular corrugation, m is a constant, Ra L is the calculated Rayleigh number, and Ra c is the critical Rayleigh number. In this case, the critical Rayleigh number separates the streamline regime from the turbulent regime, so values greater than the critical Rayleigh number indicate fully turbulent behavior. The Nusselt number (Nu) is essentially a dimensionless form of the convective heat transfer coefficient. With the Nusselt number value, the convective heat transfer coefficient can be calculated using the expression in Table 1 , where h nc is the natural convection heat transfer coefficient, k is the thermal conductivity of air and H is the characteristic length factor. The effect of changes in temperature difference and V-shape opening angle can be seen in Figure 4 . According to the above formulae, for characteristic lengths above approximately 10 cm the flow above the plates is fully turbulent, and the h nc becomes independent of characteristic length.
Forced Convection
[15] Literature on forced convection (i.e., convection fueled by wind) over semi-infinite planes is abundant, but only three studies directly address the calculation of forced Neri [1998] , which computes the value of the coefficient for a rough, flat surface using the Stanton number, St (Table 1) , where Re is the Reynolds number and Pr is the Prandtl number. The Reynolds number relates viscous and inertial forces, and determines the transition from laminar to turbulent flow. The Prandtl number represents the relation between the velocity and temperature distributions (kinematic viscosity/thermal diffusivity), and for air is 0.71 for the range of relevant temperatures here. The Stanton number can be found using the average skin friction coefficient, c f , assuming a flat surface at constant temperature. For Reynolds numbers greater than 10 5 , c f can be calculated from the expression in Table 1 , where X is the characteristic length of the plane and k s is the typical roughness dimension. Difficulties arise in adopting a proper characteristic length when (8) of Keszthelyi and Denlinger [1996] , while those for Figures 5c -5h were based on the approach adopted by Neri [1998] for forced convection over a rough surface. the model spans a semi-infinite plane. Also, adopting a roughness dimension for the particular flow here in the absence of a thorough analysis of its surface properties could introduce error. To understand these uncertainties, the range of h fc for varying characteristic lengths and roughness dimensions was analyzed ( Figure 5 ). It was found that a characteristic length of about 1 m, along with a roughness dimension on the order of 1 -2 cm, produced h fc values that bracket those measured by Keszthelyi and Denlinger [1996] and Keszthelyi et al. [2003] , the convection is modeled as natural only, following Harris and Rowland [2001] and Head and Wilson [1986] . As Keszthelyi and Denlinger [1996] pointed out, it is especially important to consider the temperature-dependent changes in air thermodynamic properties in calculating convective heat transfer coefficients. In the Neri [1998] calculation, for instance, the h fc decreases significantly with higher temperatures due to the increase in kinematic viscosity of air resulting in lower Reynolds numbers ( Figure 5 ).
Heat Transfer Within the Flow
[17] Heat transfer within the flow is modeled using conduction only, and an explanation for disregarding convective heat transfer within the flow is given in Appendix A. Part of the justification stems from the relative similarity of flow cooling calculated using interior convection with conduction [Worster et al., 1993] with that using conduction only ( Figure 6 ). Conductive heat loss for a unit area is calculated using Fourier's equation, shown in Table 1 , where k is the thermal conductivity of the lava and DT/Dx is the temperature difference (DT) that exists over some distance (Dx) [Kreith and Bohn, 1993] . In the model, Dx is measured from the center points of the elements.
Lava Considerations
[18] Within the flow a number of conditions change as the material cools. Latent heat of crystallization, thermal conductivity changes with temperature, and vesiculation all have a time-varying impact on cooling progress.
Latent Heat Production
[19] The model can be adapted to emit latent heat uniformly over the crystallization interval or nonuniformly depending on the composition. Lange et al. [1994] demonstrated the importance of determining whether a uniform or nonuniform scenario applies, and we applied MELTS [Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998 ] to examine the distribution of latent heat over the solidification range of the 1997 Okmok lava. Observed latent heat release rates were nonuniform, and we produced three linear stages of release, much like that given by Shaw et al. [1977] , to better represent this distribution than a single linear span.
[20] A nonuniform spatial distribution of crystallinity throughout the thickness of the flow is assumed. The drill core results of Alae lava lake [Peck et al., 1966] are used here to construct an a posteriori generic distribution of plausible crystallinity (Figure 7a ). The distribution is com- [1993] , who considered convective overturn inside the lava, as well as conductive heat transfer through the crust. The dashed line is a purely conductive model [from Turcotte and Schubert, 1982] for the hypothetical lava lake, using the same input parameter values. The dotted line is the same conductive model after slightly altering some of the input parameters to show the range of plausible solutions for the conductive model and their overlap with the convective results. For this run, the specific heat capacity and latent heat of crystallization were reduced 10%, while the thermal conductivity was raised 10%. The percent crystallinity with depth, which is equal to the fraction of total latent heat emitted. These data were modified from the drill core measurements of Peck et al. [1966] at Alae lava lake, Hawaii. (b) The porosity fraction, equal to the vesicularity, throughout the flow. Again, these data are modified from the drill core measurements of Peck et al. [1966] .
posed basically of top and bottom low-crystallinity zones (due to rapid cooling) surrounding a more crystalline core. The low-crystallinity zones are relatively scale-independent; that is, the upper zone is approximately 2 m thick, and the lower zone is approximately 1 m thick for the range of total lava thicknesses, while the inner crystalline zone is scaledependent, which means it is expanded for thicker flows.
Conductivity and Specific Heat Changes With Temperature
[21] There are conflicting data at the most basic level on the relationship of the thermal conductivity of igneous rocks versus temperature, with some results indicating that the value increases with increasing temperature [Birch and Clark, 1940; Robertson, 1988] and some indicating the reverse [Touloukian et al., 1989; Murase and McBirney, 1973; Dunn et al., 1983; Clauser and Huenges, 1995] . The latter grouping shows an impressive consistency of results, in which thermal conductivity attains a high value around 2 W m À1 K À1 at 0°C, and gradually drops to approximately 1 W m À1 K À1 around 1000°C. The model adopts this decline of thermal conductivity with increasing temperature (Table 1) , specifically the calculation of Murase and McBirney [1973] for the change of conductivity with temperature for the Columbia River basalt (CRB) samples, as this tholeiitic basalt is roughly similar in composition to the 1997 Okmok basalt.
[22] The specific heat capacity of the lava also changes with temperature. A simple formula to account for this in basalt was presented by Keszthelyi [1994] as a fit to laboratory data in Touloukian et al. [1989] , and it can be found in Table 1 .
Vesiculation
[23] The creation of porous spaces within the flow upon cooling will have a significant effect on the bulk thermal conductivity of the lava. Three vertical porosity regimes were observed in numerous lava flows by Aubele et al. [1988] . Their study showed that thin (<10 m) paheohoe lava flows (but also 'a'a flows to some degree) show a vertical vesicle zonation consisting of three main zones: (1) an upper vesicular zone, h 1 , (2) a middle nonvesicular or dense zone, h 2 , and (3) a lower vesicular zone, h 3 . The thickness of the upper vesicular zone is usually on the order of half the flow thickness, and the thickness of the lower vesicular zone is usually 30-40 cm independent of flow thickness. For 'a'a flows a similar zonation exists, but is found only in the nonblocky interior. The flow is modeled here using the proportions taken from the Cerros del Rio 'a'a flow in which h 1 % 1.8 m, h 2 % 1.7 m and h 3 % 0.2 m in a total thickness of about 4 m [Aubele et al., 1988] . While this may oversimplify the very complex nature of vesicle distribution, which may also include foliation similar to that observed by Canon-Tapia et al. [1996] , it is likely sufficient considering the lack of knowledge on these parameters for most flows. These observations are combined with those of Peck et al. [1966] at Alae lava lake, who observed a roughly similar zonation, to construct a plausible distribution of vesicularity throughout the flow (Figure 7b ). The distribution is composed of high-vesicularity zones at the top and bottom of the flow, with a low-vesicularity zone making up the interior. Again, because the vesicularity is tied to cooling rate the distribution is partially scale-independent, as with the latent heat. The upper and lower zones are approximately constant for the range of total lava thicknesses, whereas the inner low-vesicularity zone is scaleable.
[24] The formula of Maxwell [1891] for the bulk thermal conductivity of porous lava has been shown to be effective [Beck, 1976; Keszthelyi, 1994; Keszthelyi and Denlinger, 1996; ] , and is found in Table 1 , where k bulk is bulk thermal conductivity, k b is thermal conductivity of the basalt, k g is thermal conductivity of the pore gas (assumed to be water vapor), and j is porosity. This calculation is only applied to those blocks whose temperatures have dropped below solidus and have vesiculated fully. Keszthelyi [1994] determined that convection within vesicles likely does not occur, but radiation across vesicle interiors does transport significant heat at high temperatures. To account for this, an effective radiative thermal conductivity was determined by the formula in Table 1 , where r is the radius of the vesicle sphere, e is emissivity, s is the Stefan-Boltzmann constant, and T o is initial temperature [Keszthelyi, 1994] .
Atmospheric Considerations
[25] The lava flow cools within a constantly changing environment and these variations must be considered to accurately model its cooling history. Chiefly, the considerations include ambient temperature changes, accelerated cooling of the flow due to rainfall, as well as the influence of wind that can intensify convective cooling.
Ambient Temperature
[26] Considering the atmosphere is one of the chief reservoirs for thermal energy lost from the lava flow, the air temperature is one of the most important factors in the model. In the initial stages of cooling there is a substantial temperature difference between hot lava and the air above it, and radiative heat loss very quickly reduces the lava temperature to values approaching those of the air. After this rapid temperature decrease, the lava and air temperatures can be within a few tens of degrees Kelvin, and fluctuations in air temperature over short periods of time (e.g., days to weeks) can have a significant influence on the lava surface temperature. Neither yearly nor monthly data temperature averages, therefore, are suitable for accurate estimates of lava surface temperature of heat flux over relatively short periods (days to months) of cooling. Daily averages, obtained from the closest weather station, for example, can be incorporated into the model to provide the best possible calculations. Since ground usually approaches the yearly mean temperature at just a few meters depth, the ground elements adopt an initial temperature set to this value (4°C for Umnak Island).
Rainfall and Hydrothermal Convection
[27] Rain that comes in contact with the hot upper surface, or percolates through a chilled crust to the hot interior, will vaporize and extract heat from the flow. After Shaw et al. [1977] , rain cooling is modeled using two assumptions. First, all rain coming in contact with the flow is assumed to vaporize completely. This permits a simple value for heat of vaporization of water, plus the heat required to raise the water from ambient temperature to 100°C, to be subtracted from the appropriate element in the flow. Second, if the surface crust is not at a temperature capable of vaporizing the rainfall, it is assumed that the water percolates downward to the topmost elements at or above 100°C. This assumption requires pervasive fracturing of the lava body, as would be expected in a blocky 'a'a flow, and ignores recondensation of the water in upper portions of the crust.
[28] This very simple approach disregards the complexity of hydrothermal convection in the fractured roof crust. Specifically, Hardee [1980] and Hermance and Colp [1982] found that the lava crust at the 110 m deep Kilauea Iki lava lake consisted of two zones. The upper portion, nearest the surface, was undergoing two-phase convection (water and steam) and therefore maintained a relatively isothermal 100°C profile. The lower portion, just above the molten lens, was above 100°C with conductive heat transfer only due to the lack of water. This temperature distribution resulted in significant differences in solidification rate compared to a simple conductive cooling approach [Carslaw and Jaeger, 1959] because the water circulation supports a deeper penetration of the 100°C isotherm which increases the thermal gradient immediately above the melt. The simple subtraction of water enthalpy performed by Peck et al. [1977] , and used here, appears to offer a reasonable approximation of these two zones, with the shape of the temperature gradients closely resembling those from Kilauea Iki. A roughly isothermal zone (around 100°C) extends down from the surface to a pronounced cusp, marking the base of the two-phase convection zone, below which temperatures increase rapidly to the melting point.
[29] As with air temperature, yearly averages for precipitation in an area are poor substitutes for daily data if one is interested in short-term fluctuations in cooling. Seasonal variations of rainfall for many areas of the world are large, and a flow which is extruded and completes the majority of its cooling in a dry part of the year would cool slower than the same flow which is extruded and completes the majority of its cooling in a wet part of the year. Also, for a given volume of precipitation, daily data will better reflect the relative temporal distribution of rainfall over the cooling period. Rain hitting the flow near the beginning of the cooling, in effect replacing a portion of the radiative heat loss component, will result in a smaller decrease in cooling time than an equal amount of rain which falls midway through cooling, which is added to the majority of the radiative heat loss component. The situation is similar to that in the scientific brainteaser involving the ideal time to add cream to hot coffee in order for the drink to retain its heat the longest.
Wind Speed
[30] Wind over the lava surface serves to increase the surface convective heat transfer by accelerating convective overturn. Although the program is capable of incorporating daily data, daily wind speed information sometimes is not as readily available as daily temperature or precipitation data, so a yearly average may have to be used. As with the temperature and precipitation, these data are collected from the nearest weather station, whose weather may vary from that around the flow.
Sensitivity to Input Parameters
[31] In order to test the sensitivity of some of the major input parameters, selected input values were varied over a plausible range while keeping all other input values constant. The sensitivity of the model to variations in the following parameters was examined: density, emissivity, latent heat, initial temperature, solidus temperature, thermal conductivity, porosity, rainfall, and convective heat transfer coefficient (Tables 2a and 2b ). The variability of the convective heat transfer coefficient under varying input parameters can be seen in the preceding sections on natural and forced convection. The effects of these imposed alterations were analyzed over both a short-term and long-term scale. The short-term analysis was meant to show the sensitivity of the model predictions of lava surface temperature over the first 200 days of cooling of a 10 m thick flow, which is the same length of time used in the AVHRR comparison mentioned by Patrick et al. (submitted manuscript, 2003) . The long-term analysis was meant to measure the effects of the altered inputs on the 10 m thick flow as a whole and is performed through an examination of the total enthalpy, as well as maximum internal temperature, in the flow after 2 years (730 days).
[32] The 200 day sensitivity analysis showed that the lava surface temperature varied little due to significant changes in most of the selected inputs (Table 2a) , usually resulting in a difference of under 1°C. Two parameters, however, had a significant impact on the lava surface temperature. First, plausible changes in the thermal conductivity of the lava produced changes in the lava surface temperature up to 3°C. Higher values for thermal conductivity produced higher surface temperatures because greater rates of conduction are able to offset convective heat loss by transporting more heat to the surface. Second, the convective heat transfer coefficient had an overwhelmingly dominant control on the lava surface temperature, due to the fact that convection is by far the dominant surface heat loss mechanism throughout the vast majority of the 200 day period of analysis. Changing the heat transfer coefficient from its base case of approximately 75 W m À2 K À1 to 5 W m À2 K À1 resulted in an average lava surface difference of 31.6°C. Clearly, the choice of the heat transfer coefficient and thermal conductivity will be chief determinants of the accuracy of the model results for the purposes of estimating surface temperature, whereas the effects from errors in the other parameters will be trivial.
[33] The 2 year sensitivity results (Table 2b) indicate that small changes in certain input parameters can have a significant impact on the total enthalpy remaining after an extended cooling period. Because conduction is the overall limiting heat transfer mechanism over the long term, the diffusion-related parameters showed the highest degree of control over the resulting enthalpy and internal temperatures. Plausible changes in these parameters could change the resulting maximum internal temperature by over 300°C, and total enthalpy by up to 20%, for the 2 year run. Altered directly, thermal conductivity changes had the strongest effects, because the range of plausible values is large considering the lack of knowledge on this parameter for basalt. Porosity, having an overwhelming effect on the sensible heat as well as the bulk thermal conductivity, also had a dramatic impact on the cooling rate. High rain rates are another significant source of accelerated cooling. Because long-term heat loss is conduction-limited, large changes in the convective heat transfer coefficient had very small effects on internal heat. Varying this value from 5 W m À2 K À1 to 125 W m À2 K À1 produced changes in the maximum internal temperature up to only about 7°C.
Results
[34] The model input parameters were customized for the Okmok flow based on information gathered from various sources ( Table 3 ). The choice of start day for cooling was based on the AVHRR time series plots of band 3 and band 4 values. AVHRR data analyzed by Patrick et al. [2003] showed the end of major effusion to be in late March, probably between the 20th and the 26th, and AVHRRderived lava surface temperature measurements show a sharp drop around March 21st (Patrick et al., submitted manuscript, 2003) , which we use here for the start of the modeled cooling. [35] Emissivity, thermal conductivity, specific heat, and latent heat of fusion were taken from published values of generic basalt [Murase and McBirney, 1973; Carmichael, 1984; Touloukian et al., 1989; Salisbury and D'Aria, 1994] . Solidus temperature was garnered from MELTS [Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998 ] using compositional data of flow samples measured by AVO personnel (P. Izbekov and R. Moore, unpublished data, 2001 ). Initial temperature was roughly estimated by comparing the crystallization temperatures modeled by MELTS with the observed mineral phases in thin section. For the air convection input parameters, thermodynamic properties (including thermal conductivity, kinematic viscosity, thermal diffusivity, and coefficient of expansion) for dry air at a range of temperatures were taken from typical published values [Raznjevic, 1976] . Vesiculation and crystallinity distributions throughout the flow were adapted from Peck et al. [1966] as described earlier. The model's built-in methods to calculate the convective heat transfer coefficient were not used because of ambiguity surrounding some of the input parameters, like characteristic length and roughness dimension, and instead a range of plausible values was assumed based upon our wind speed data. Lava flow thickness was calculated by Lu et al. [2003] using preeruption and posteruption digital elevation models (DEMs).
[36] Daily temperature and precipitation data for Okmok were obtained from Dutch Harbor, Unalaska Island, the closest weather station, courtesy of NOAA's National Climatic Data Center (http://www.ncdc.noaa.gov/). Monthly averages for wind speed were the best data available. It is very possible that the conditions at Okmok volcano differ significantly from those at Dutch Harbor, approximately 120 km away. In order to examine the similarity, and judge whether the Dutch Harbor data are an acceptable proxy for Umnak Island weather, daily temperature and precipitation data from the former Cape Field Air Force Base, at Fort Glenn on Umnak Island approximately 10 km from the flow, were obtained for periods between 1950 and 1970 [Alaska State Climate Center, 2001 . The values are roughly similar, with the average difference being less than 1°C. In addition to any weather differences between Dutch Harbor and Fort Glenn, however, the lava flow resides inside a 10 km wide caldera whose walls enclose a microclimate that could vary considerably from the remainder of the island and possibly compound the problems in using Dutch Harbor data. Nevertheless, having any reliable weather data near such a remote location is very fortunate.
[37] The modeled surface temperatures for the 1997 Okmok lava flow are shown in Figure 8a , and are based upon an assumed value for h c between 50 and 100 W m À2 K À1 . Like the AVHRR values given by Patrick et al. [2003] , the model results show an initial rapid decrease in temperature due to high radiative heat loss soon after cooling begins and a more gradual decrease in temperature throughout the rest of the year. In fact, a secondary maximum in lava surface temperature occurs between July and September, and this correlates with higher air temperatures in these summer months. The short-term fluctuations in lava surface temperature also mimic those of the air temperature, indicating rapid coupling of the lava surface to air temperature due to efficient cooling. Subtracting the air temperature values from the lava surface temperature values produces a more typical cooling-decay plot (Figure 8b ), indicating that lava surface temperatures drop to within 15°o f air temperature within a month, and hover between 3 and 6°above air temperature for much of the remainder of the 200 day period. This trend is interrupted by two pronounced drops (late May and early June) which are coincident with high rainfall days.
Discussion
Modes of Heat Loss
[38] As Neri [1998] observed, convection over the surface is a significant heat loss mechanism throughout cooling. While radiative heat loss dominates in the initial stages due to the T 4 factor, it diminishes very quickly with decreasing temperature. Convective heat loss, however, Raznjevic [1976] remains significant throughout the cooling period ( Figure 9 ). The model confirms that when a cool crust forms the role of radiative heat loss becomes far subordinate to that of convection and conduction. . This duration is shorter than typical emplacement times for a'a flows. Even before the flow has stopped, therefore, radiation drops off and is overtaken by either conduction (for low values of h c ) or basal convection (for higher values of h c ), and these heat loss mechanisms dominate throughout the remainder of the model run.
[39] These observations have important implications for the interpretation of previous models of lava flow cooling which assume a single dominant form of heat loss. A number of studies adopt only radiation for cooling calculations of flows [Murase and McBirney, 1970; Danes, 1972; Pieri et al., 1984; Pieri and Baloga, 1986; Ishihara et al., 1990; Dragoni, 1989; Miyamoto and Sasaki, 1998 ], and while this may be sufficient for active flows, the results of our model show that this assumption does not create an accurate portrayal of the entirety of cooling. Figure 10 relates the cumulative effect of each heat transfer mechanism in three cooling scenarios: active (Figures 10a and  10b ), emplaced and cooling (Figures 10c -10e) , and almost completely cooled (Figure 10f ). An h c of about 75 W m À2 K À1 is used for Figures 10a and 10b , and the noted values of h c are used for the remainder. The emplacement period of the lava flow is simulated in two different ways. First, we keep the flow temperature constant throughout its thickness to simulate thermally mixed emplacement. Second, we consider a partial thermally unmixed case, where the surface crust is thin and broken due to the motion of the lava, exposing the incandescent interior as in the model by Crisp and Baloga [1990] . This is modeled by defining a thin crust (limited to the surface element) at an effective temperature to simulate partial coverage. The effective temperature is determined by:
where f c is the fractional area of crust, T c is the temperature of the crust, and T h is the temperature of the incandescent interior, occupying an area of 1 À f c [Crisp and Baloga, 1990; Pieri et al., 1990; Harris et al., 1998 ]. Values for T c , T h , and f c (870°C, 1100°C, and 0.70, respectively) are assigned based upon measurements for the center of an active pahoehoe channelized flow on Hawaii as measured by a spectroradiometer Mouginis-Mark, 1992, 1994] .
[40] For the emplacement period with no crust (Figure 10a ), radiative heat loss indeed dominates due to incandescent lava in direct contact with air. Even when a nascent partial crust forms, radiative heat loss remains dominant (Figure 10b ). Once a cohesive crust forms, however, and a full thermally unmixed model applies, radiative heat loss is subordinate to both surface convection and conduction to the ground (Figure 10c) . The degree to which convection overwhelms radiation during the extended cooling stage is a function of the convective heat transfer coefficient. For low values of h c , around 10 W m À2 K À1 , convection and radiation are almost comparable.
[41] To examine the relation of these mechanisms for a flow which is almost completely cooled, the model was applied to a 5 m thick flow cooling for 500 days (Figure 10f ), after which the flow contains only 4% of its initial above-background enthalpy and has a maximum temperature of just 99°C. In this situation the relative amounts of convection, radiation, and conduction seem similar to that in Figures 10d and 10e because of a roughly similar value for h c , while heat loss due to rainwater has increased to roughly match that of conduction. Rainwater gained on conduction in this case because the conductive potential decreases as the flow temperature approaches background, while the rainwater heat loss will remain constant when using a yearly average for rainfall. These plots show that in assuming a dominant heat loss mechanism, the timescale over which the model is to be applied is important.
[42] Figure 10 , along with the sensitivity tests, shows that the convective heat transfer coefficient is a prime determinant of surface heat loss rates. Unfortunately, the uncertainty in this input variable is perhaps greater than any other, limiting the absolute confidence that we can assign to results using any particular value for h c (though the value is constrained by Patrick et al. (submitted manuscript, 2003) for the Okmok flow). The measurements of Keszthelyi and Denlinger [1996] provide a rough idea of appropriate values for h c , in which values of 65-75 W m À2 K À1 were observed over cooling pahoehoe lobes in 3 -4 m s À1 winds. Also, Keszthelyi et al. [2003] found h c values for high-temperature flows ($500°C) to be in the range of 45-50 W m À2 K
À1
. These values are significantly higher than those used by Wooster et al. [1997] , Oppenheimer [1991] , and Harris et al. [1997] , which utilize the Rayleigh number approach of Head and Wilson [1986] to calculate a value for free convection and disregard a significant increase in h c from forced convection. For an active basalt flow with an effective surface temperature of 800°C, the computed h c value using the Head and Wilson [1986] method is approximately 10 W m À2 K À1 . An h c of this magnitude would be relevant only for wind-free conditions, and may explain the low convective heat loss values calculated by Wooster et al. [1997] .
Latent Heat Effects
[43] Our model results agree with those from Shaw et al. [1977] in showing that latent heat is another important factor in lava cooling, which can significantly extend cooling times. For a generic 10 m thick basalt flow to cool fully below solidus, including the effects of latent heat, about 316 days are required. If latent heat is removed, just 203 days are needed, meaning the incorporation of latent heat in this case extended solidification time by 56%. This ability of latent heat to extend cooling duration underlines the importance of accurate latent heat values as well as crystallization distributions.
Daily Atmospheric Input Data
[44] One of the most important components of the model is its integration of daily air temperature and rainfall data. Whereas past models have used yearly averages for air temperature with good results for internal temperatures, the model results show that daily to weekly variations in air temperature can have short-term effects on the lava flow surface temperature, and this effect is only evident when daily atmospheric input is used for modeling. Therefore, if the daily lava surface temperature is of interest, as it is here, daily atmospheric data are necessary for an accurate characterization. The effect of daily data is shown by the high daily variability of the lava surface temperature, and its correlation with air temperature (Figure 8a ). Because the surface cools to near-ambient temperature so efficiently due to radiation and convection, the lava surface is in effect coupled to the air temperature throughout the majority of the cooling process.
[45] A lower-frequency rise and fall can also be seen in the modeled data (Figure 8a ). Higher temperatures predominate for mid July to early September and can be explained by the seasonal rise in air temperature. This time period marks the warmest month and a half for 1997, and results in the air temperature permitting the lava surface temperature to rise. Seasonal variation in precipitation, however, appears to play no role in these high temperatures. For the mid July to early September time period, precipitation was slightly above the yearly average, resulting in more rainwater cooling than other times of the year.
Rainfall Effects
[46] Whereas cooling by rainwater did not have a visible long-term effect on lava surface temperature, it did have the ability to create transient effects. Overall, there is a very strong correlation of lava surface temperature and air temperature dips and rises in Figure 8a due to the coupling already mentioned. In a few locations, however, a significant drop in lava surface temperature is not mirrored in the air temperature data and these spots can be seen to correlate with days of significant precipitation. This difference is shown more clearly after subtracting the air temperature from the lava surface temperature (Figure 8b) , with the impact of rainwater cooling on surface temperature evident around mid May and mid June. Because of the manner in which heat loss from precipitation is modeled here, in which its heat of vaporization is subtracted from the topmost element above 100°C, the cooling effect of rain on the surface is only clearly evident in the early stages of cooling when the topmost element above 100°C is near-surface. As the flow cools and the topmost element above 100°C falls deeper in the flow, the subtraction of heat from this element has a more dampened effect on the surface temperature.
[47] Cooling by rainwater also affects the shape of the internal temperature gradient over long time periods. Figure 11 shows this influence: From the top surface of the flow to approximately 5 m depth, a subtle cusp develops in the temperature gradient at about 100°C, increasing the thermal gradient in the solidification zone and accelerating surface crust growth rates. With time, this cusp becomes more pronounced.
Deformation From Molten Interiors
[48] The implications of the model extend beyond surface temperature observations. Temperature gradients as a function of time are output for the flow interior and provide insight on the impressive insulating properties of lava (Figure 11 ). For example, according to our model, the 45 m thick portions of the 1997 Okmok lava flow retain an interior molten portion for approximately 9.5 years after extrusion. This duration may explain the active steaming and snow-free areas observed on the surface of the thickest portions of the Okmok flow throughout 2003. The extended presence of a molten interior also has important implications for lava mobility and cooling in three dimensions and the resulting deformation associated with these. Lateral mobility of the molten core could provide another possible explanation for observations of postemplacment lava surface deformation [Peck et al., 1966; Wright and Okamura, 1977; Pallon et al., 1994; Stevens et al., 2001] , in addition to substrate compression, clast repacking, vesicular expansion, and thermal contraction.
Conclusions
[49] This study attempts to show the utility of numerical modeling for understanding the dynamics of extended lava cooling. Using our new model, surface temperatures were predicted for the 1997 Okmok flow that dropped to within 10°C of ambient temperatures within the first few weeks of cooling, followed by a successive hovering of lava surface temperature about 3°-5°C above ambient temperatures for the remainder of the 200 day study period. The model results show that precise modeling of the lava flow surface must include daily atmospheric data to account for the coupling of lava surface temperature and air temperature. For the 1997 Okmok lava flow, incorporating these data into the model indicate how the seasonal rise in temperatures during the summer resulted in a corresponding rise in lava surface temperature.
[50] The convective heat transfer coefficient (h c ) emerged as a variable of prime importance for lava surface temperature due to the strong role of convective heat loss which follows the rapid decline of radiation in the initial stages of cooling. For moderate to high values of h c , convection was the dominant heat loss mechanism over the 200 day study period. During longer cooling periods, extending over several years, the conduction-related parameters produced the greatest effect on interior surface distributions.
[51] Great flexibility exists to apply the cooling model to any type of lava flow in virtually any environment. Since it is inherently a simple one-dimensional model of heat transfer among elements, the governing equations will remain valid for nearly any lava flow (assuming diffusiondominated heat transfer within the flow) and the flow material properties and environmental conditions are the only components requiring alteration. With only minor modifications, flows ranging in composition from basalt to rhyolite, with locations ranging from the Earth to Venus, could be modeled reliably. [52] Heat transfer within the flow itself, between the flow and underlying ground, and throughout the ground, is modeled here using conduction only. For a typical 'a'a lava flow, however, it is easy to establish that convection should, at least theoretically, be occurring within the flow. Assuming a Bénard configuration in which the lava flow is modeled as an object bounded by two parallel plates heated from below with a constant temperature gradient, the critical ), T l is the solidus temperature of the lava (1200 K), T i is the initial temperature of the lava (1400 K), H is the thickness of the convecting layer (10 m), k is the thermal diffusivity (3.5 Â 10 À7 m 2 s À1 ), u is the kinematic viscosity (100 m 2 s À1 ), and g is the acceleration due to gravity (9.8 m s À2 ). The calculated Rayleigh number is extremely high ($10 6 ), far exceeding this critical value and pointing to vigorous convective overturn. To determine if this convective heat transfer dominates over conductive heat loss in the flow, the Peclet number was calculated using the velocity results available from Carrigan [1987] for a hypothetical 100 m flow. The very high Peclet numbers ($100 -1000) indicate convective heat transfer likely would dominate even for much thinner flows.
[53] An explanation, therefore, for disregarding convective heat transport within the flow is deserved. First, although the simple Rayleigh calculation supports the existence of interior convection, other factors may exist which counteract the buoyancy potential and inhibit convection. Field measurements of cooling lava lakes have not provided unequivocal evidence of prolonged convection. At Makaopuhi lava lake, for instance, apparent convection was observed in interior temperature measurements beginning approximately one year after cooling began [Wright and Okamura, 1977] , probably inhibited up to that point by initial vesiculation. Indeed, a porosity of only 3 Â 10 À4 is needed to offset the density difference resulting from a temperature gradient of 6°C [Worster et al., 1993] . Second, even if vigorous convection is occurring for long portions of the cooling period, it is not clear whether its incorporation into a cooling model will provide a significant improvement in accuracy over purely conductive approaches for the purposes of surface temperature prediction or solidification times. Worster et al. [1993] showed that the growth of the surface crust is approximately similar for both conductive and convective models. Once a cooling crust forms, the heat transport to the available heat sinks (air and ground) is limited chiefly by conduction through the crust, whether internal convection is considered or not.
[54] The results for a simple conductive calculation [Turcotte and Schubert, 1982] are compared here to the results of Worster et al. [1993] for the cooling of a hypothetical 100 m thick diopside-anorthite lava lake, in which internal melt convection is considered along with conduction through a growing crust. Using identical thermal properties, the convection/conduction and conduction-only results are roughly similar (Figure 6 ). The convection/ conduction model predicts complete solidification after approximately 33 years, with the conduction-only model predicting a value only slightly longer. In fact, by lowering the specific heat capacity and latent heat of crystallization by 10%, and raising thermal conductivity by the same percentage, the conduction-only cooling time can be made shorter than the convective solution. If the uncertainty in the lava's thermal properties is close to 10%, therefore, the convection/conduction approach may offer no increase in accuracy for solidification time.
[55] The displacement of the convection/conduction meltinterface relative to the conduction-only melt interface provides even more insight. The upper crust of the conduction-only model is slightly thicker than the lower crust throughout cooling, owing to a higher rate of heat loss through the roof than through the base, while the upper and lower crust for the convection/conduction model are almost identical (note they intersect at approximately 50 m depth). The cause of this thickness equality is likely the convective transport of cooled melt from the base of the upper crust to the floor, thereby contributing to the basal crust and balancing crust growth. However, the fact that the overall cooling times are comparable for the convection/conduction and conduction-only results indicates that internal convection serves chiefly to redistribute temperatures within the melt and does not seem to have significant ramifications for the overall rate of heat loss from the flow as a whole.
